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SUMMARY 
Extractant Impregnated Hollow Fiber Membranes (EIHFM) is a novel technology for the 
removal of pollutants from wastewater. Its advantage over conventional supported liquid 
membranes is based on its “solventless” approach. The use of toxic organic solvents is 
minimized to the immobilization step where they are used as diluents for the extractant. 
Thereafter, the extractant impregnated membranes are capable of providing stable and 
efficient removal of pollutant without further use of solvents. 
In this study, Trioctylphosphine Oxide (TOPO) was used as the extractant of choice due 
to its high affinity for organic acids and metals. Moreover, it has a high adsorption 
capacity for phenol which was the model pollutant for this study. In the previous studies 
using EIHFM, simultaneous extraction and stripping could not be achieved due to non-
uniform distribution of TOPO within the fiber thickness. Such distribution was a result of 
the drying technique used during preparation. Simultaneous extraction-stripping is 
beneficial as the EIHFM will be continuously regenerated through stripping, resulting in 
higher removal from wastewater. Hence, in this study, the drying technique for EIHFM 
preparation was modified and controlled so as to achieve a uniform distribution of TOPO 
within the fiber thickness. Conditions during drying were varied to observe their effect on 
TOPO impregnation and the best set of conditions was determined. 
The membrane properties undergo significant changes on immobilization. To capture 
these changes, the prepared EIHFMs were characterized using SEM images, weight of 
TOPO impregnated, and permeation tests including liquid entry pressure of water, gas 
permeability and mercury porosimetry. These tests were elementary in determining 
TOPO distribution and membrane properties of porosity, tortuosity and pore size. 
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Simultaneous extraction-stripping was carried out using the EIHFMs prepared under 
optimum drying conditions. Parameters that were varied during simultaneous operation 
are: flow rates of feed and stripping solutions, concentration of phenol and concentration 
of sodium hydroxide in stripping solution. It was observed that the mass transfer 
resistances offered by boundary layers are negligible compared to the membranes. This is 
probably due to the changes in membrane properties upon immobilization. 
Notwithstanding the high membrane resistance, the extraction and stripping rates were 
high as a result of high partitioning of phenol into TOPO. For all the concentrations of 
phenol studied, more than 90% of phenol was removed from feed and more than 80% 
was recovered in stripping solution within 10 hours of operation. These results confirm 
EIHFMs to be a promising technology for waste water treatment. 
A mathematical model has been developed to elucidate the mechanism of simultaneous 
phenol removal and recovery in EIHFMs.  The membrane mass transfer coefficient and 
the effective diffusivity of phenol through EIHFM have been evaluated using this model. 
The effect of varying concentrations of phenol on extraction and effective diffusivity as 
well as the effect of sodium hydroxide concentration of stripping were captured by the 
model. Thus the model was capable of successfully predicting the system behavior under 
varying operating conditions such as concentration of phenol and sodium hydroxide. 
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1. Introduction 
1.1 Background and Motivation 
Wastewater streams discharged from industries are rich in pollutants including organic 
compounds and metals. Many of these pollutants are toxic, recalcitrant and bio-
accumulating. If discharged into natural water bodies, these pollutants can disturb aquatic 
ecosystem due to increased turbidity, reduced sunlight penetration, dissolved oxygen 
depletion in water, and mutations in aquatic organisms (Patwardhan 2008). Furthermore, 
direct or indirect exposure to polluted water can cause pathogenic diseases and gravely 
endanger human health (Tchobanoglous et al., 1991). Hence, treatment of industrial 
wastewater before disposal is of utmost importance. 
Industrial wastewater can be treated via two major approaches. In one, complete 
degradation of the pollutants is targeted and these include processes such as 
biodegradation (Bumpus and Aust 1987, Azmi et al., 1998), incineration (Oppelt 1987, 
Zhi et al., 2003), wet oxidation (Kim and Ihm 2011, Garg and Mishra 2013), and 
ozonation (Peyton et al., 1982, Beltrán et al., 1994). In the other, the goal is to recover 
the pollutants for reuse. Since most chemicals found in industrial wastewater are of 
commercial significance and can be reused as raw materials for the very processes from 
which they were generated, the recovery of these chemicals is beneficial for improving 
the economy and sustainability of chemical processes.  
One of the most commonly used methods for recovering pollutants from wastewater is 
adsorption. This technique is based on the binding of the pollutant on the adsorbent 
surface by physical (Zou et al., 2006) or chemical interactions (Crini et al., 2007). 
Adsorption has been extensively used in industries because of advantages such as 
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inertness, low cost, and availability of adsorbents, and simplicity of design and operation 
(Tong et al., 2010). However, most commonly used adsorbents exhibit poor selectivity 
and low sorption capacity. Fixed bed adsorption systems may also exhibit poor solid-
liquid contact and are prone to clogging (Burghoff et al., 2010). Furthermore, recovery 
using adsorption is a two-step process, requiring adsorption followed by stripping. These 
two processes are usually not conducted simultaneously. These drawbacks drive the 
search for better technology for pollutant removal and recovery. 
High-throughput recovery of valuable chemicals (the pollutants) from wastewater can 
also be achieved using liquid-liquid extraction. This technique is based on partitioning of 
a pollutant between an aqueous phase and a non-aqueous phase (NAP) which is usually 
an organic solvent. The NAP is selected in such a way that it favors the transfer of 
pollutant from the aqueous to the NAP. Extraction can be performed using dispersive and 
non-dispersive configurations. In a dispersive system, the NAP is added directly to the 
aqueous phase. A large contact area between the two phases is achieved through vigorous 
mixing, which results in high mass transfer rates. The choice of a high partitioning 
solvent is important for better removal of the pollutants, as well as for minimizing solvent 
volume. Although dispersion based extraction can achieve complete removal of both 
organic pollutants (Yiantzi et al., 2010, Patil et al., 2013) and metals (Salgado et al., 
2003, Chang et al., 2010) from wastewater, it has several disadvantages: i) emulsion 
formation which leads to downstream phase separation problems, ii) lack of flexibility in 
NAP selection due to constraints such as density difference and low solubility, iii) 
difficulty to perform simultaneous extraction and stripping, and iv) requirement of large 
quantity of toxic and hazardous solvents. 
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The disadvantages of classical extraction mentioned above can be mitigated using 
Supported Liquid Membrane (SLM) technique. This technique facilitates simultaneous 
extraction and stripping of pollutants, without the need to enhance mass transfer via 
vigorous agitation. Moreover, membranes provide large surface area to volume ratios and 
have the advantage of compact designs and flexible configurations. In SLM, the 
membrane pores are wetted with a NAP while the wastewater and stripping solution flow 
on opposite sides (Urtiaga et al., 1992, Nanoti et al., 1997). The NAP is continuously 
regenerated through stripping and small quantities of solvent can achieve high removal 
efficiencies. Although the solvent volume is minimized in SLM configuration, it suffers 
from operational instability. The thin layers of organic solvent on membrane surfaces are 
gradually eroded due to the shear forces of solutions flowing outside (Ren et al., 2007). 
As a result, the extraction capacity of SLM decreases over time and membranes have to 
be re-wetted with the solvent.   
Another approach to improve the efficiency and sustainability of extraction is the 
application of solid-liquid extraction using microcapsules. The solid supports that are 
commonly used for immobilization of the NAP solvents are polymeric spheres (Gong et 
al., 2006) or resins (Serarols et al., 2001). This system alleviates the problems of phase 
separation and restricted choices of solvents while providing large contact areas and high 
partition coefficients. However, this approach also suffers from instability due to gradual 
erosion of the solvents, and simultaneous extraction and stripping are not possible using 
this configuration. 
To develop a system that will provide stable performance and minimize the requirement 
of solvents, Extractant Impregnated Hollow Fiber Membranes (EIHFM) was first 
described by Praveen and Loh (Praveen and Loh 2013). In the EIHFMs, a solid 
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extractant, Trioctylphosphine oxide (TOPO), was impregnated into the pores of 
hydrophobic membranes. TOPO was chosen based on its excellent performance as a high 
capacity extractant for both organic acids (Matsumoto et al., 1996) and metal ions 
(Navarro et al., 2009). This technique limited the use of organic solvents to the extractant 
immobilization process in which TOPO was dissolved in Dichloromethane (DCM) and 
the solution was used to wet the pores of the membranes. After soaking the membranes 
for a required period of time, the solvent was evaporated and TOPO was trapped inside 
the membrane pores. The repeated use of these fibers for extraction did not show any 
decrease in capacity indicating that there was no TOPO loss over time (Praveen and Loh 
2013). Hence, this system effectively prevented the repeated use of toxic solvents and is 
an eco-friendly version of membrane based extraction. 
Notwithstanding the advantages of EIHFM, there are also certain drawbacks. The 
immobilization method used did not result in a uniform distribution of TOPO within the 
fiber thickness (Praveen and Loh 2013). DCM, which is a highly volatile solvent with a 
vapor pressure of 353 mm Hg, was used as the carrier for TOPO. During drying, DCM 
rapidly evaporated from the outer surface of the fibers dragging TOPO with it. As a 
result, higher deposits of TOPO were observed on the outer surface with smaller 
quantities inside the thickness. TOPO deposits on the outer surface were loosely attached 
and could be peeled off by shear forces of liquid flow. Furthermore, such non-uniform 
distribution hindered simultaneous extraction and stripping in EIHFM due to slow 
diffusion of pollutant molecules through the membrane to the stripping side. Hence, 
currently EIHFMs have been used for sequential extraction and stripping operation only. 
We propose that if the drying process is modified and controlled, it is possible to obtain a 
uniform distribution of TOPO within the fibers. 
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One approach is to design the drying process such that the evaporation of DCM from the 
outer surface is blocked and it is evaporated at controlled rates from the inner surfaces of 
the fibers. Parameters like concentration of TOPO in DCM, drying duration and rate of 
airflow can be varied to observe their effect on pattern of distribution. This would help in 
deciding the optimum combination of parameters for immobilization. Furthermore, 
impregnation of TOPO within the fibers changes the membrane morphology but previous 
studies did not study these structural changes in detail; only SEM images were used to 
visualize the distribution of TOPO. Hence, it is important to characterize the EIHFMs in 
detail using suitable tests for a thorough comparison with the pristine fibers and to 
elucidate the effect of TOPO immobilization on the fibers. In addition, membrane 
parameters such as porosity, tortuosity and pore size should be measured to determine the 
rate of diffusion through the fibers. 
Since the EIHFMs were meant to be a replacement for SLM, it is required that they be 
used for simultaneous removal and recovery of pollutants from wastewater. A detailed 
kinetics study is required to understand the mass transfer mechanisms and rate controlling 
step. In this research, both experimental and mathematical modeling approaches have 
been utilized for mass transfer studies. Operating conditions such as flow rates, feed and 
stripping concentrations have been varied to observe their effects on simultaneous 
extraction/stripping performance. A mathematical model for the system has been 
developed to determine the mass transfer coefficients. Furthermore, the developed model 
has been used to predict the system behavior under varying conditions. 
The model pollutant used throughout this study is chosen to be phenol. Phenol is an 
extremely important chemical that is used as a raw material in various industries; it acts 
as an intermediate in the production of disinfectants, antiseptics and drugs such as 
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Aspirin. It is also a starting material for the production of plastics, paints and dyes, 
explosives and is even used as an antioxidant in food items. Due to its large scale use in 
industries, it is present in huge amounts in discharged waste streams. Many studies have 
reported the toxicity of phenol towards humans as well as aquatic life. For example, Saha 
and coworkers reported that when exposed to concentrations of phenol below 5 mg/l, 
fishes underwent acute respiratory distress and showed over 50% decrease in fecundity, 
while chronic exposure resulted in death (Saha et al., 1999). Moreover, during 
disinfection and oxidation, phenol can form substituted chlorophenols, which are 
carcinogenic compounds (Raghu and Hsieh 1987, Busca et al., 2008). Due to its toxic 
nature, the Environmental Protection Agency has set a standard of less than 1 ppb (parts 
per billion) of phenol in surface waters (Mahajan 1985). Hence, it is of utmost 
importance that industrial wastewaters be treated to remove phenol before discharging 
into natural water bodies. 
1.2 Objectives  
The overall objective of this research was to achieve a uniform distribution of extractant 
TOPO within the fiber thickness so as to facilitate simultaneous extraction and stripping 
of phenol using EIHFMs. The specific objectives of this investigation are as follows: 
1) Modification of immobilization method and control of parameters to obtain uniform 
distribution of TOPO within the thickness of hollow fiber membranes. 
2) Characterization of the EIHFMs developed to determine TOPO distribution and 
changes in membrane properties. 
3) Operation of EIHFMs in simultaneous mode along with study of kinetics and 
development of mathematical model for behavior prediction. 
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1.3 Thesis Organization 
This thesis consists of six chapters including this first Introduction chapter. Chapter 2 
provides a thorough review of published literature and work relevant and significant to 
the current project. Chapter 3 is dedicated to the development of mathematical model for 
the simultaneous operation. Materials and methods used for this research are detailed in 
Chapter 4, while the obtained results and ensuing discussions are presented in Chapter 5. 
Chapter 6 summarizes the conclusions obtained and describes some recommendations for 
future study.  
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2. Literature Review 
This section provides information about relevant literature related to extraction and 
recovery of commercially important chemicals from industrial wastewater streams, the 
evolution of system design over time and each design’s positive and negative aspects. 
2.1 Dispersive Liquid-Liquid Extraction System 
This configuration involves mixing of two or more immiscible phases in an agitator tank. 
One of the phases is an aqueous phase having the toxic chemicals which need to be 
extracted, while the other phase is a non-aqueous phase (NAP). NAP can be organic 
solvents (Rao et al., 2009, Patil et al., 2013) or ionic liquids (IL) (Fuerhacker et al., 2012, 
Mi et al., 2013) in which the toxic substrates have higher solubility. When mixed 
together, the transfer of substrates from the aqueous phase to the NAP takes place driven 
by a chemical potential gradient. Figure 2.1 shows a schematic diagram of a setup used 
for liquid-liquid extraction. 
2.1.1 Advantages and Disadvantages 
Due to dispersion of the NAP in the aqueous phase in the form of droplets, the contact 
area between the two phases is very high which results in a high mass transfer coefficient 
(López-Montilla et al., 2005).  
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Figure 2.1 Schematic diagram of dispersive liquid-liquid extraction 
The selection of solvent or extracting phase plays an important role in such systems. 
Since, the transfer of substrates is driven by the difference in their chemical potential 
between the phases, the transfer continues only till the chemical potential value is equal 
in all the phases. Thus, to remove the maximum possible amount of pollutant from 
wastewater, the extracting phase should be selected based on its capability to partition the 
pollutant. By using NAP having high partition coefficient/distribution coefficient (ratio of 
substrate concentration in NAP to that in aqueous phase), removal efficiencies as high as 
95-99% have been achieved. Table 2.1 provides an overview of several pollutant-solvent 
combinations that have been used along with the removal efficiency (%E) obtained. 
Notwithstanding the high mass transfer rates, the dispersive liquid-liquid extraction 
system has several disadvantages. Dispersion of phases often leads to formation of stable 
emulsions which are difficult to separate at later stages, leading to secondary 
contamination (Prasad and Sirkar 1988, Reis et al., 2007). To avoid the problem of 
Dispersed NAP 
Aqueous phase 
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emulsion formation, density difference between the aqueous phase and NAP should be 
high; this constraint narrows down the choices of available NAPs. This is especially the 
case when polar pollutants are in question. Polar NAPs, e.g., Methyl Isobutyl Ketone and 
ethers have higher affinity for polar pollutants compared to non-polar NAPs, but their use 
is restricted by their water soluble nature (Greminger et al., 1982, Rao et al., 2009).  
Another problem associated with this system is the stripping of substrate and subsequent 
recovery of the NAP. The solvent stripping in dispersive system is usually achieved by 
distillation which again limits the choice of solvents to volatile solvents whose vapor 
pressures should be largely different from those of the substrates (Reis et al., 2007). It 
also necessitates the refining of the substrate. Moreover, simultaneous extraction and 
stripping cannot be incorporated in the design of dispersive liquid-liquid extraction.   
While recounting the disadvantages of dispersive system, the effect of organic solvents 
on environment cannot be overlooked. Most of the organic solvents that are used for 
extraction purposes have at least one of these properties: volatile, toxic, flammable, 
harmful to aquatic life, carcinogenic and mutagenic. Hence, the use of such solvents in 
industries endangers the life of workers as well as surrounding environment. But these 
concerns have been alleviated to a large extent by the introduction of “greener” solvents 
like room temperature ionic liquids and supercritical fluids (G. Huddleston and D. Rogers 
1998, DeSimone 2002). 
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Table 2.1 Pollutant-Solvent pairs and extraction efficiencies for liquid-liquid 
extraction 
Pollutant Non-Aqueous Phase % Removal Reference 
Phenol 
Tert-Amyl Methyl 
Ether 
>95 (Porȩbski et al., 1988) 
p-Cresol QH-1 (amine mixture) >92 (Zhou et al., 2007) 
Endocrine 
disrupting phenols 
Imidazolium based IL >90 (Fan et al., 2008) 
Copper (II) 
Vegetable oil with 
D2EHPA 
98 (Chang et al., 2010) 
Lindane Petro-ether-chloroform 96 (Patil et al., 2013) 
2.2 Dispersive Solid-Liquid Extraction System 
Dispersive solid-liquid extraction obviates the problem of phase separation as in this 
system the NAP (organic solvents or IL) is encapsulated inside polymeric supports which 
can be easily separated. Apart from polymer capsules, this system also includes solid 
adsorbents and Solvent Impregnated Resins (SIR). The recovery of the substrate as well 
as regeneration of the solid extracting phase is also easier as they can be directly brought 
into contact with the stripping solution without concerns of emulsion formation. 
Adsorption systems are popular because there are many conveniently available 
commercial adsorbents that provide large surface areas for substrate binding. While 
activated carbon and cyclodextrins are the most popular commercial ones, there are many 
cheap and non-conventional sorbents derived from agricultural waste, industrial waste 
and minerals as well (Pollard et al., 1992). Table 2.2 lists few conventional and non-
conventional adsorbents that have been used for extraction of wastes. 
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Table 2.2 Application of adsorbents for toxic pollutant extraction 
Pollutant Adsorbent % Removal Reference 
Phosphorus 
Aggregated red mud 
100 
(López et al., 1998) 
Nickel (II) 100 
Copper (II) 68 
Zinc (II) 56 
2,4-Di-chlorophenol Activated Carbon 65 
(Daifullah and 
Girgis 1998) 
Chromium (III) Fly Ash 55 
(Kelleher et al., 
2002) 
Phenol Natural zeolite >80 
(Yousef et al., 
2011) 
Congo Red Dye 
SiO₂ supported 
Cyclodextrin 
100 (Chen et al., 2013) 
Polymer capsules with solvents trapped within pores are prepared either by phase 
inversion or solvent evaporation method. In phase inversion method, the extracting 
solvent and polymer are first dissolved in a water-soluble solvent (carrier solvent). The 
mixed solution is then dropped into a solidification solution, e.g., a mixture of ethanol 
and water, with the help of a nozzle or needle. In the solidification solution, the carrier 
solvent dissolves in water while the extracting solvent and polymers, being hydrophobic 
in nature, lump together and solidify into capsules. Solvent evaporation method is slightly 
different as this time the carrier solvent for polymer and extractant is organic and highly 
volatile. When dropped through a nozzle/needle into an aqueous solution, the volatile 
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solvent is allowed to evaporate leaving the polymer and extractant to form capsules. The 
solidified microcapsules are then used for extraction purposes.  
When put in aqueous solution containing pollutants, the pollutant molecules are absorbed 
into the pores of the polymer due to their affinity towards the entrapped solvent. This is a 
thermodynamic equilibrium driven process and continues until equilibrium is achieved 
between the solvent inside polymers and the aqueous solution. The polymers can then be 
removed from the waste feed and put in stripping solution to recover the pollutants and 
regenerate the microcapsules. Figure 2.2 shows a picture of polysulfone microcapsules 
containing trioctylamine (TOA) that were used for the extraction of organic acids (Gong 
et al., 2006). Table 2.3 lists some applications of polymer microcapsules in removal of 
pollutants from waste streams.  
                                      
Figure 2.2 A photo of the TOA immobilized polysulfone microcapsules 
Table 2.3 Application of polymer microcapsules for pollutant removal 
Pollutant Polymer Solvent % Removal Reference 
Copper (II) 
Polyhexamethylene 
pthalam 
5-Nonyl 
Salicylaldoxime 
99 
(Watarai and 
Hatakeyama 
1991) 
Palladium Calcium Alginate Cyanex 302 95 (Mimura et al., 
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gel 2001) 
Copper (II) Polysulfone D2EHPA 60 
(Yang et al., 
2004) 
Chromium 
(VI) 
Polystyrene Aliquat 336 >80 
(Yang et al., 
2005) 
Phenol 
Styrene-
Divinylbenzene 
copolymer 
Cyanex 923 95 
(Archana et 
al.,) 
Solvent Impregnated Resins are very similar to solvent containing polymer capsules, the 
only difference being that no polymerization step is required for the resins. Commercially 
available resins/polymer supports are impregnated with pure solvents or solutions of 
extractant and diluents either by dry impregnation method or wet impregnation method. 
Dry impregnation method is adopted when the diluent is a volatile liquid whereas the 
extractant is either a non-volatile liquid or a solid. The resins are dispersed in a solution 
of extractant and diluent for a given period of time, after which they are removed and 
dried under heat (in an oven or rotary vaporizer) to evaporate the diluent while trapping 
the extractant inside (Navarro et al., 2007, Navarro et al., 2008, Navarro et al., 2009). On 
the other hand, wet impregnation method is used when evaporation of diluent on heat 
drying is not desirable. Thus, after dispersing the resins in solvent/extractant-diluent 
solution, they are washed thoroughly and dried using blotting paper or tissue paper 
(Burghoff et al., 2010). Figure 2.3 shows a schematic diagram of a SIR particle and the 
extraction mechanism where S and E denote the substrate and extractant molecule 
respectively (Burghoff et al., 2008). Solvent Impregnated Resins are used for extraction 
and are regenerated in the same manner as adsorbents and polymer capsules. Table 2.4 
lists some applications of SIRs for removal of heavy metals and organic pollutants. 
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Figure 2.3 Schematic illustration of SIR particle and extraction mechanism 
Table 2.4 Applications of SIRs for removal of metals and organic pollutants 
Pollutant 
Initial 
Concentration 
(mg/l)  
Solvent 
Resin/Polym
er support 
% 
Removal 
Referenc
e 
Gold (III) 196 
Tri-isobutyl 
phosphine 
sulphide 
Amberlite 
XAD-2 
25 (Serarols 
et al., 
2001)  
Zinc (II) 
248.21 D2EHPA 15 
Chromium 
(VI) 
19.4 
Aliquat 336 
in acetone 
Methacrylic 
based 
polymer 
99 
(Kabay et 
al., 2003) 
Benzaldehyd
e 
3183.63 
Aliphatic 
amine 
(Primene 
JM-T) 
Amberlite 
XAD-16 
80 
(Babić et 
al., 2006) 
Phenol 8000 
Cyanex 923 
in hexane 
Macroporous 
Polypropylen
e 
60 
(Burghoff 
et al., 
2008) 
Methyl-tert-
Butyl Ether 
5000 
3-
Iodophenol 
in 
Macroporous 
Polypropylen
e 
30 
(Burghoff 
et al., 
2010) 
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propylbenze
ne 
2.2.1 Advantages and Disadvantages 
There are several advantages of using polymer capsules/SIR over liquid-liquid extraction. 
While still providing a high surface area contact between the solvent and aqueous phase, 
it alleviates the problem of phase dispersion. The solid particles can be easily separated 
from aqueous feed/stripping solution after operation is over. Though there have been 
some concerns regarding slowing of diffusion of solute through the solid matrix, 
application of suitable solvents and extractants having high affinity for the solute more 
than compensates the drawback (Babić et al., 2006). Simple adsorbent systems that 
operate on the principle of physisorption of substrate molecules on large surface area lack 
selectivity when exposed to a mixture of pollutants. This complicates the process of 
separation and purification of individual components. This problem can simply be 
overcome by impregnating specially designed extractants into the solid supports that 
target specific solutes (Wang et al., 1979). Even the amount of solvent required for 
impregnation purposes is minimal, thus it does not raise environmental concerns. 
There are some inherent disadvantages of dispersive solid-liquid extraction system as 
well. Since the solid particles have higher densities compared to water, they tend to settle 
down in the reactor. High agitation rates have to be maintained to keep the particles afloat 
and their surface area exposed for adsorption. Maintaining high agitation in large scale 
industrial applications can be energy demanding and therefore undesirable. In case they 
are being used in packed bed configuration, significant amount of surface area stays 
unexposed to the solute due to clogging which leads to decrease in packed bed 
performance (Burghoff et al., 2010).  
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Till date the only industrial use of extractant impregnated solid particles for extraction 
has been for the removal of Gallium from Bayer liquor using Kelex 100 (Brown 2006). 
This reluctance to the industrial use of SIR has stemmed from its inevitable instability 
which in turn is due to the gradual leaching of extractant from solid into the aqueous 
phase. Though the majority of solvents and extractants are highly hydrophobic, none of 
them are absolutely insoluble in water. This negligible but measurable solubility causes 
gradual reduction in the adsorption capacity of SIR and they have to be discarded after 
few regeneration cycles (Kabay et al., 2010). One more negative aspect of dispersive 
solid-liquid extraction is that this system is not suitable for simultaneous extraction and 
stripping of the solute. Sequential batch extraction and stripping is more time consuming 
and requires greater amount of extracting solvent (thus, large number of solid particles) 
for efficient removal compared to simultaneous operation. 
2.3 Non-Dispersive Extraction System 
Development of non-dispersive extraction system has been a huge step forward in the 
field of separation technology. It has annulled the need for vigorous mixing or agitation 
making systems less energy consuming and alleviated the problem of phase separation.  
Non-dispersive systems are of two types: ones that use membrane support and those 
without membrane support, known as bulk liquid membranes (BLM). In BLM, both the 
aqueous phases (feed and stripping) are brought into contact with the organic extracting 
phase without dispersion. The movement of solute in the bulk phases is due to the 
mechanisms of diffusion and forced convection. The solute is extracted through the feed-
organic interface, travels through the bulk of organic phase and is stripped on the 
stripping-organic interface. Figure 2.4 shows an example of such a bulk membrane setup 
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(Coelhoso et al., 1995). Membrane support systems enjoy greater preference compared to 
BLM as they provide significantly higher surface area to volume ratio (Coelhoso et al., 
1997). 
In membrane support systems, the membranes act as barriers between the aqueous 
(feed/stripping) and the NAP. If the membranes are hydrophobic, the NAP wets the pores 
of the membranes while aqueous phase wets the pores in case of hydrophilic membranes. 
These membranes are known as Supported Liquid Membranes (SLM). The interface 
between the aqueous and NAP phases is established at the mouth of the membrane pores 
by controlling the pressure of the liquids. First the extraction of solute takes place at the 
feed-NAP interface following which the solute diffuses through the membrane pores and 
reaches the NAP-stripping interface where stripping takes place. If the stripping is 
reactive in nature, e.g., the solute being extracted is acidic and the stripping solution is 
alkaline so that when the solute reaches the NAP-stripping interface it reacts and exists in 
a dissociated form, the flow of solute is unidirectional and driven by the chemical 
reaction. This leads to a more efficient substrate removal compared to processes that are 
driven solely by thermodynamic equilibrium. Membrane supported extraction and 
stripping is currently the most popular method in the field of separation technology and 
has been used for pollutant removal (Reis et al., 2007, Shen et al., 2009), product 
recovery (Basu and Sirkar 1992, Huang et al., 2004), and gasification and degasification 
operations (Kruelen et al., 1993, Xia et al., 2009). Table 2.5 lists some applications of 
SLM along with the operation details. 
Both flat sheet and hollow fiber membranes can be used for solvent support but hollow 
fibers offer better advantage as they can be packed in large numbers inside columns to 
give a shell and tube like configuration where the aqueous phase and NAP are circulated 
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through alternating sides. Many different arrangements of SLM are available in literature, 
each one developed to mitigate the drawbacks of others. (Urtiaga et al., 1992, Marták et 
al., 2008) have designed extraction-recovery systems where the hydrophobic membrane 
is wetted with the desired solvent and the aqueous feed and stripping solutions are made 
to flow on its opposite sides. Figure 2.5 shows a schematic diagram of the membrane 
with its wetted pores and aqueous solutions on both sides. This system has benefits like 
minimal usage of solvent (amount of solvent is equal to pore volume) and stripping 
driven mass transfer, but like SIR, it is inherently unstable due to gradual leaching of the 
solvent into aqueous phases.  
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Figure 2.4 Schematic illustration of bulk liquid membrane setup 
Table 2.5 Application of SLM in pollutant removal and recovery 
Pollutant Solvent Configuration 
% 
Removal 
% 
Recovery 
Reference 
Copper 
(II) 
LIX 64N 
Coupled 
module 
97 88 (Bang Mo 1984) 
Phenol 
Cyanex 923 
in kerosene 
Coupled 
module 
100 99 
(Cichy and 
Szymanowski 
2002) 
Phenol 1-Decanol 
Coupled 
module 
100 99 
(González-Muñoz 
et al., 2003) 
Sampling point (feed) Sampling point (stripping) 
Magnetic Stirrer Stripping phase 
         Feed 
Organic phase 
Sampling point (Organic) 
Mechanical stirrer 
Teflon Seal 
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Phenol 
Linear 
Monoalkyl 
Cyclohexane 
Concentric 
hollow fibers 
70 93 
(Trivunac et al., 
2004) 
Phenol 
Cyanex 923 
in ShellsolT 
Coupled 
module 
99 95-99 (Reis et al., 2007) 
Phenol 1-Decanol 
Emulsion 
Liquid 
Membrane 
91 85 (Hasanoglu 2013) 
 
                                      
Figure 2.5 Schematic diagram of SLM with aqueous phase on both sides 
To stabilize the performance of the soaked membranes, emulsion liquid membranes 
(ELM) were introduced (Nanoti et al., 1997, Hasanoglu 2013, Praveen and Loh 2013) in 
which the organic phase is dispersed in either the feed or stripping phase. Upon coming 
in contact with the hydrophobic membranes, the solvent wets the membrane pores 
forming an ELM. The principle behind the use of ELM has been elucidated by (Ren et 
al., 2007, Ren et al., 2009). They describe that in SLM the thin film of organic solvent 
present on the wetted membranes is peeled off by the shear force of the aqueous phase. 
When organic droplets are dispersed in the aqueous phase, they refill the surface due to 
their affinity for the fibers and the liquid membrane is renewed. Though this semi-
dispersive method accomplishes the stability of membrane performance and increases 
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mass transfer due to presence of dispersed droplets, it brings back issues like emulsion 
formation, phase separation, solvent regeneration, product purification and secondary 
pollution. 
Coupling of two membrane modules or having two different sets of membranes within 
same module, one for extraction and the other for stripping, while the NAP is circulated 
through/contacted with both solves the above problems. Hence, many studies have 
reported successful application of coupled membrane modules/membrane sets for 
simultaneous operation, both in batch mode (González-Muñoz et al., 2003, Lazarova and 
Boyadzhieva 2004, Reis et al., 2007, Shen et al., 2009) and in continuous mode 
(Schlosser and Sabolová 2002, Trivunac et al., 2004). This configuration is known as 
Contained Liquid Membranes (CLM). Figure 2.6 shows an example of a coupled 
extraction-stripping setup while figure 2.7 shows the concentration profiles of solute 
through the different phases. From figure 2.7 we can see that the solute diffuses through 
the aqueous boundary layer, partitions into the solvent, diffuses through membrane pores 
wetted with the solvent and finally through the solvent boundary layer. The same trend 
occurs in opposite order in the stripping module. There is a continuous supply of NAP 
from the reservoir to the membranes so that the gradual leaching of solvent does not 
cause a drop in performance over time. The aqueous-solvent interface is effectively 
maintained within the pores by flow pressure control and solvent is continuously 
regenerated through stripping.  
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Figure 2.6 Schematic diagram of simultaneous operation using coupled membrane 
modules (González-Muñoz et al., 2003) 
              
Figure 2.7 Solute concentration profile during simultaneous extraction-stripping 
2.3.1 Advantages and Disadvantages 
The reason behind hollow fiber membrane contactors being the most preferred design for 
simultaneous separation is the horde of advantages it has above its predecessors. The 
membranes act as robust supports and effective barriers between the aqueous and the 
Feed Membrane 
Solvent 
Membrane Stripping 
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non-aqueous phases, preventing downstream hurdles of phase separation. The design of 
hollow fiber membrane contactors is simple, compact and occupies minimal space. Due 
to the cylindrical form of hollow fibers, they provide the highest surface area to volume 
ratio compared to other systems. Despite introduction of extra resistance due to the solid 
matrix, the use of a high partitioning solvent efficiently reduces the membrane resistance 
giving high mass transfer rates (Cichy and Szymanowski 2002, González-Muñoz et al., 
2003). Use of hollow fibers also offers flexibility in design of the contactors; 
simultaneous operation can be carried out in multiple contactors (Shen et al., 2009) or 
single contactor (Schlosser and Sabolová 2002). 
Many studies have reported channeling and bypassing in the shell side to be a drawback 
in hollow fiber membrane contactor configuration when the volume fraction of fibers 
inside the column is high (Kosaraju and Sirkar 2007, Hasanoglu 2013). Generally it is 
dealt with by circulating the wetting phase (aqueous if hydrophilic membrane, NAP if 
hydrophobic membrane) through the shell side, but there still are some accounts of 
decreased performance due to trapping of liquid in “tight pockets” (Tompkins et al., 
1992). Surprisingly, most of the authors have averted from mentioning the environmental 
impact and safety issues of dealing with conventional organic extractants and solvents. 
Given that the solvents used for membrane supported liquid extraction are in majority, 
toxic, hazardous, volatile, flammable and acutely poisonous, their large scale industrial 
use poses a grave concern and mocks the effort of “cleaning” the environment. The 
gradual leaching of solvents into aqueous phase over time not only causes secondary 
pollution, but also demands a constant supply of the costly solvents making the process 
economically disadvantageous.  
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2.3.2 Recent Developments: Extractant Impregnated Hollow Fiber Membranes 
(EIHFM) 
To combat the problem of continuous use of large quantities of hazardous solvents, a 
novel solution has been proposed by (Praveen and Loh 2013, Praveen and Loh 2013) in 
which they have impregnated a solid extractant inside the pores of the membranes. The 
principle is similar to that adopted by (Navarro et al., 2007, Navarro et al., 2008, Navarro 
et al., 2009) in preparation of SIR. The extractant of choice is Trioctylphosphine Oxide 
(TOPO) which is a commonly used extactant for both metals and organic acids. As 
TOPO exists as solid at room temperature, it is first dissolved in a suitable solvent. The 
membranes are allowed to soak in the solution for a given period of time after which the 
solvent is evaporated, leaving the extractant behind. It can be seen that the use of solvent 
is restricted to the EIHFM preparation step only and the amount evaporated is almost 
negligible compared to that used in other systems. The detailed stepwise explanation of 
EIHFM preparation is available in (Praveen and Loh 2013, Praveen and Loh 2013). 
Scanning Electron Microscope (SEM) images of these fibers show TOPO deposits inside 
and on the surface of the fibers, as shown in figure 2.8. 
EIHFM configuration encompasses all the advantages of membrane supported systems 
while having the additional advantage of stable performance without the loss of TOPO 
over time. Yet, the full potential of EIHFM system has not been accomplished. Hollow 
fiber liquid membrane configurations are in demand as they facilitate simultaneous 
extraction and recovery of substrates, but this operation is not efficient in the EIHFMs 
prepared by (Praveen and Loh 2013) because of the non-uniform distribution of TOPO 
inside the fibers. Thus, the documented application of EIHFM only focuses on its role as 
an adsorbent system. It is of our belief that EIHFM is a promising and eco-friendly 
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technology for waste treatment, and simultaneous operation can be attained in this system 
if an uniform distribution of TOPO within the fibers is achieved. 
(a)                                                                (b)    
   
 
 
(c)                                                                (d)   
 
 
                      
Figure 2.8 SEM images of pristine fibers’ (a) cross-sectional area (b) outer surface; 
and EIHFMs’ (c) cross-sectional area (d) outer surface (Praveen and Loh 2013) 
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3. Kinetic Modeling of Simultaneous Extraction-Stripping in 
EIHFM 
3.1 Introduction 
During extraction, mass transfer of substrate molecules from the feed to stripping 
solution in a membrane contactor depends on several factors including flow rates in 
lumen and shell side, interfacial area, packing density, diffusion in the aqueous phases 
and membrane properties such as porosity, tortuosity and thickness. Overall rate of 
simultaneous extraction and stripping can be augmented by optimizing these parameters 
to achieve better mass transfer rates. 
TOPO immobilization within the membrane is expected to bring about significant 
changes in the membrane morphology which would affect the resistance to phenol 
diffusion. Mass transfer may also be affected by hydrodynamics, and concentrations of 
phenol and sodium hydroxide. A detailed study of the mass transfer mechanism should be 
carried out to estimate the effects of all the above parameters on the system performance. 
In addition, development of a mathematical model would help in predicting the behavior 
of the system under changing operating conditions which is paramount for system design. 
Hence, the objectives of developing a kinetic model were to: 
(a) Model the transport of phenol from the feed to the stripping solution, validate the 
model against experimental data, and determine the membrane mass transfer 
coefficient; and  
(b) Simulate the system behavior for simultaneous extraction/stripping using different 
phenol concentrations and sodium hydroxide concentrations. 
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3.2 Model Equations 
The scheme of a three phase system during simultaneous extraction-stripping in EIHFM 
is shown in figure 3.1. The mass transfer of phenol from aqueous feed phase to the solid 
EIHFM can be analyzed based on the phenol concentration in the aqueous phase using a 
solvent extraction approach. The interaction between phenol and TOPO impregnated 
within the fibers occurs according to the following reaction (Zidi et al., 2010, Praveen 
and Loh 2014): 
[PhOH]aq + TOPOsolid = PhOH.TOPOsolid                                                                                      (1) 
Phenol is a weak acid and is attracted towards the electronegative oxygen atom in TOPO 
to form hydrogen bond (Cuypers et al., 2008). Thus, the binding of phenol to EIHFM is 
based on chemisorption. The reaction between phenol and TOPO is reversible in the 
presence of a strong base, thus stripping of phenol from EIHFM is carried out using 
sodium hydroxide solution (Praveen and Loh 2014). Phenol dissociates from TOPO and 
reacts instantaneously with sodium hydroxide to form sodium phenolate in aqueous 
solution as per the following reaction (Zidi et al., 2010, Praveen and Loh 2014): 
PhOH.TOPOsolid + [NaOH]aq = [PhONa]aq + TOPOsolid + H₂O                                    (2) 
The fluxes of phenol in the feed, membrane and stripping phases can be expressed as 
follows: 
)(
*
fftt
f
f CCAk
dt
dC
V                                                      (3) 
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where fC (mg/l) and 
*
fC (mg/l) are the concentrations of phenol in the bulk feed 
solution and at the feed-membrane interface respectively; 
mC (mg/g) is the average 
phenol loading in the EIHFM, mfC (mg/g) is the phenol concentration at the membrane-
feed interface in equilibrium with 
*
fC , and msC (mg/g) is the phenol concentration at the 
membrane stripping interface. 
sC (mg/l) is the phenol concentration in stripping phase; 
W  (mg), fV (l) and sV  (l) are the weight of TOPO within the membranes, the feed 
volume, and the stripping solution volume respectively; 
tA (m²) and lmA (m²) are the tube 
surface area and logarithmic mean area of membranes respectively; and  (g/m³) is the 
density of TOPO. tk (m/s) and mk (m/s) are the tube side and membrane mass transfer 
coefficients. 
mC  was determined from fC and sC using mass balance. The flux of phenol 
in stripping phase can also be written as: 
)(
*
ssss
s
s CCAk
dt
dC
V                                                                                                 (6) 
where 
*
sC (mg/l) is the phenol concentration at the stripping-membrane interface in 
equilibrium with 
msC , and sk (m/s) is the shell side mass transfer coefficient. 
 
30 
 
 
Figure 3.1 Schematic diagram of phenol concentration profile in all three phases 
(feed, membrane and stripping) 
To determine the equilibrium relation between 
*
fC and mfC , and 
*
sC and msC , the 
partitioning behavior of phenol between the aqueous phase and the EIHFMs were studied 
at different phenol concentrations and solution pH values in chapter 5. Since the 
extraction of phenol using the EIHFMs resembled sorption, the equilibrium data can be 
analyzed using adsorption isotherms. In a previous study, it was shown that Langmuir 
isotherm is capable of predicting the equilibrium for mass transfer of phenol to the 
EIHFMs (Praveen and Loh 2014). Hence, a Langmuir isotherm of the following form has 
been used in this thesis (Crini et al., 2007): 
e
em
e
bC
bCQ
Q


1
                                                                                                                   (7) 
where 
eQ (mg/g) and eC (mg/l) are the phenol loading in the EIHFM and the phenol 
concentration in aqueous phase at equilibrium respectively, mQ (mg/g) is the theoretical 
saturation adsorption capacity of the EIHFM and b (l/mg) is a Langmuir constant related 
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to the affinity of the binding sites. The partition coefficient can be calculated as the ratio 
of 
eQ to eC . 
The individual mass transfer coefficients for tube and shell flow can be determined from 
correlations available in literature. For laminar flow in the tube side of hollow fibers, 
Leveque correlation, a limiting case of solutions applicable to tube side laminar flow 
when Graetz number (Gz) is large (Gz>4), was used (Gabelman and Hwang 1999, Pierre 
et al., 2001). 
33.033.033.0
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t                                                    (8) 
where Sh, Re and Sc are the Sherwood, Reynolds and Schmidt numbers respectively; 
faqD , (m²/s) is the diffusivity of phenol in aqueous feed phase; and l (m) is the length of 
fibers. The Graetz numbers were in the range of 7-25 for this study. 
Many published correlations are available for shell side flow and they differ widely due 
to the randomness of fiber orientation in shell side giving rise to different flow patterns. 
For this study, the shell side mass transfer coefficient was determined using Prasad and 
Sirkar correlation (Prasad and Sirkar 1988) as the range of Reynolds number and packing 
fraction were similar. 
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In eqn. (3),   is the packing fraction, hd (m) is the hydraulic diameter defined by 
(4*Cross-sectional area)/Wetted perimeter, and saqD , (m²/s) is the diffusivity of 
phenolate through aqueous stripping phase. 
The mass transfer coefficient through membrane can be determined by membrane 
parameters of porosity, tortuosity and thickness as well as diffusivity of phenol through 
the pores. Membrane parameters are available from permeation tests but the diffusivity of 
phenol through TOPO impregnated membrane pores is unknown and needs to be 
determined from experimental data. The membrane mass transfer coefficient can be 
written as (Gabelman and Hwang 1999): 

 m
m
D
k                                                      (10) 
where  ,   and  (m) are the membrane porosity, tortuosity and thickness respectively, 
and 
mD (m²/s) is the effective diffusivity of phenol through the EIHFM pores. The term 
effective diffusivity has been used here because the passage of phenol molecules through 
EIHFM pores may not be due to pure diffusion, but a combination of adsorption and 
diffusion. Hence, mD  
is actually a lumped parameter, which can be addressed as the 
effective diffusivity of phenol.  
The temporal values of fC , mC and sC  were obtained from experiments, leaving mfC , 
msC and mk as the unknowns. To estimate mfC , a function relating mfC and mC was 
needed. For this purpose, it was assumed that phenol distribution within the membrane 
thickness varied linearly. It was also assumed that the value of msC was negligible as 
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compared to 
mfC due to a rapid uptake of phenol by NaOH in stripping phase. Therefore, 
the slope (s) of the linear decline can be considered proportional to mfC and can be 
expressed as: 
mfHCs                                                                                                                    (11) 
where H (m⁻¹) is the proportionality constant. Similar reasoning has been used by Sangi 
and coworkers to describe linear concentration gradient of metal ions diffusing through a 
porous gel layer with rapid removal taking place at other end of the layer (Sangi et al., 
2002). Based on eqn. (11), the phenol loading, C, at any distance r from the centre (figure 
3.2) can be expressed as: 
)( imf rrsCC                                                                                             (12) 
where 
ir (m) is the inner radius of hollow fibers. Multiplying C with  and L (overall 
fiber length= no. of fibers x l), we get mass of phenol per unit area of fiber thickness. 
Considering a small differential area dA at a distance r, C can be integrated over the 
whole area to give the total phenol loading in the membranes, 
mC .   
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Figure 3.2 Schematic diagram of EIHFM’s cross-sectional area 
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Using equation (14) )( mmf CfC  can be determined. The value of msC can be 
determined by equating eqns. (5) and (6) and from the equilibrium relation between 
msC
and
*
sC . Thus, the model equations for simultaneous extraction-stripping were developed 
with H and 
mk as adjustable parameters. The model validations, parameter estimations 
and simulations were carried out in MATLAB. 
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4. Materials and Methods 
4.1 Chemicals 
All chemicals used in this research were of analytical grade. Phenol, Sodium Hydroxide 
and Dichloromethane were purchased from Sigma Aldrich (St. Louis, United States) 
while TOPO was obtained from Merck (Darmstadt, Germany). Phenol stock solution of 
10,000 mg/l was prepared by dissolving phenol in 0.02 M Sodium Hydroxide. For 
preparation of EIHFM, 200, 400 and 600 g/l of TOPO solutions in DCM were prepared. 
Milli Q ultrapure water was used in all experiments and preparation of solutions unless 
specified otherwise. 
4.2 EIHFM: Preparation 
4.2.1 Materials 
Polypropylene fibers were provided by Membrana GmbH, Germany (Accurel PP 
50/280). These fibers were potted inside glass tubes using epoxy adhesive (Araldite, 
England) to form a shell and tube configuration. The specifications for the hollow fiber 
membranes and glass tube have been listed in Table 4.1. 
Table 4.1 Specifications of hollow fiber membrane shell and tube configuration 
Characteristics Values 
Casing material Glass 
Casing inner diameter (cm) 0.7 
Membrane material Polypropylene 
Membrane inner diameter (μm) 280 
Membrane thickness (μm) 50 
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Pore size (μm) 0.2 
Porosity 0.6 
Effective Fiber Length (cm) 20 
Number of Fibers 50 
Effective shell volume (ml) 6.5 
Effective lumen volume (ml) 0.62 
4.2.2 Immobilization Method 
After potting the fibers in glass casing, water was circulated through the lumen side of the 
module using a peristaltic pump (L/S modular pump, Easy-Load II pump head, 
Masterflex, USA) for half an hour to check whether there is leakage. In case of no 
leakage, the module is dried following which it is ready to be impregnated with TOPO. 
Figure 4.1 shows the setup required for the immobilization technique. DCM solution 
containing TOPO was circulated through the shell side of the module at 5 ml/min for two 
hours to soak the membranes. Then the solution was pumped out and water was 
circulated in the shell side to prevent evaporation of DCM from the outer surface area of 
membranes. To facilitate movement of DCM and TOPO towards inner surface, air was 
pumped at controlled rates through the lumen side. Three conditions, concentration of 
TOPO in DCM (200,400 and 600 g/l), air flow rate ( 81025.2Re air , 
8105.4  and 
8109  ), and duration of flow (15, 30, 60 and 90 minutes), were varied during this 
process to determine the combination that gives the most uniform distribution of TOPO 
within membrane thickness without compromising the integrity of the fibers. The 
maximum concentration of TOPO was taken to be 600 g/l as TOPO tends to precipitate 
above this concentration at room temperature. The minimum air flow rate that could be 
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measured using the flowmeter was Reair = 2.25 × 10
-8. The minimum drying duration was 
tried arbitrarily and a stepwise increase was made for higher flow rates. After air flow 
was stopped, lumen side was washed with water to remove loosely attached TOPO. 
Water was drained out of the shell side and the module was left inside fume hood to dry 
naturally. Upon complete drying of the modules, water was circulated through lumen side 
for half an hour to check for leakage. All the experiments were carried out in duplicates. 
                                    
Figure 4.1 Schematic diagram of EIHFM preparation setup 
4.2.3 Weight Gain 
The hollow fiber membrane modules were weighed prior to and after immobilization to 
determine the amount of TOPO immobilized inside the membrane pores. 
 Air 
 Pump 
TOPO + DCM 
Shell 
Tube 
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4.2.4 Scanning Electron Microscope 
Cross-section, inner and outer surface areas of all the fibers inside the module were 
observed under scanning electron microscope (JEOL JSM 5600-LV) to study the 
distribution pattern of TOPO within the fibers. Cross-section along the length of fibers 
was also observed to check whether distribution is similar along length. Fiber samples 
were prepared by cutting them into small pieces axially as well as radially using a sharp 
edge blade. The samples were then put on SEM studs which are covered with adhesive 
tape to hold the samples in space. The samples were spluttered with platinum, and then 
inserted into the SEM sample chamber. 
4.2.5 Liquid Entry Pressure of Water 
Liquid entry pressure of water is the minimum pressure that must be applied to water so 
that it permeates the membrane pores. In hydrophobic membranes, liquid entry pressure 
of water gives an indication of the pore size and hydrophobicity. The entry pressure of 
water decreases as the pore size increases or the contact angle decreases. The setup used 
for this experiment has been adopted from (Khayet et al., 2002) with minor changes. 
Nitrogen gas was used to pressurize salt solution inside a tank. The salt solution was then 
passed through the lumen of the membranes. The outlet of the shell side was into a 
reservoir filled with distilled water which was stirred using a magnetic stirrer. First salt 
solution was allowed to enter the tube side without applying any pressure. Then pressure 
was increased stepwise by 0.5 bar. Each pressure was maintained for 30 minutes after 
which the conductivity of the water in the reservoir was measured using a conductivity 
meter. An increase in conductivity would indicate that salt solution has permeated 
through the membrane pores and the corresponding pressure would be the liquid entry 
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pressure of water. The LEPw of raw fibers and immobilized fibers were measured and 
compared. 
4.2.6 Gas Permeation Test 
The gas permeation test was used to determine the changes in porosity and pore size of 
the fibers upon modification. The apparatus used for this study has been described in 
(Wang et al., 1995). Five membranes of length 10 cm each were potted inside an 
aluminum holder while taking care that the lumen side is not blocked by epoxy. The other 
end of the fibers was sealed with epoxy. The effective length of fibers after potting was 6 
cm. The membranes were the inserted into a steel casing acting as a shell which was 
sealed with the aluminum holder using a rubber O-ring. For each sample, two test cells 
were made. 
Nitrogen gas was inserted into the shell side from a gas cylinder while pressure was 
controlled and measured using a pressure regulator and pressure gauge respectively. The 
upstream pressure is in the range of 14 to 30 psi (gauge). The N₂ permeation rate was 
measured at room temperature in atmosphere using a flow meter. The gas permeability 
was then calculated from eqn. (15) according to the outer surface area of hollow fiber 
membranes. N (mol/s) is the permeate flow rate, oA (m²) is the membrane outer surface 
area and Δp (Pa) is the transmembrane pressure. 
pA
N
J
o
                                                    (15) 
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The gas permeation flux J (mol/m².s.Pa) depends on the membrane pore size, porosity 
and toruosity. The relationship can be expressed by equation (16) (Li et al., 1999, Khayet 
et al., 2002). 
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where mP (Pa) is the mean pressure (average of upstream and downstream pressures),  M 
(kg/kmol) is the molecular weight of the gas, R (J/mol.K) is the universal gas constant, T 
(K) is the absolute temperature, μ (Pa.s) is the gas viscosity, pr (m) is the membrane 
mean pore radius, pL (m) is the pore length taking tortuosity into consideration, and   is 
the porosity. 
The values of pr and 
pL

were determined from the slope (S) and intercept (I) of the 
graph between flux and mean pressure using the following equations:           
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4.2.7 Mercury Porosimetry 
Porosity and pore size analysis of hollow fibers was also carried out using Micromeritics 
Mercury Porosimeter (AutoPore IV 9500 V1.09). The fibers to be analyzed were cut into 
extremely small sections (4-5 mm) first. Each section was then cut longitudinally to 
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expose the inner surface area. At least 0.1 g of sample was required for the test. The 
sample was first dried, then put into a container and degassed. While the container was 
still evacuated, mercury was allowed to fill the container. The volume of mercury 
intruded into the membrane pores was measured as a function of increasing pressure. 
Assuming cylindrical pores, the radius 
pr of a pore being filled at a particular pressure P 
can be calculated from eqn. (19). 
P
rp
 cos2
                                                    (19)   
where σ (N/m) is the surface tension of mercury and θ is the contact angle between 
mercury and the fiber. 
4.3 Equilibrium Studies 
To determine the partition coefficient of phenol between the EIHFM and the aqueous 
phase, phenol concentrations of 100-1500 mg/l were brought into contact with the 
EIHFM. 100 ml phenol solutions were prepared and the pH was brought down to the 
range of 4-6. This is because phenol exists in dissociated form in basic environment 
which significantly reduces its partitioning into organic phase (Shen et al., 2009). Phenol 
was circulated through the lumen side of the EIHFM module at 5 ml/min using a 
peristaltic pump until equilibrium was attained. Samples were withdrawn at regular 
intervals for analysis. All experiments were carried out in duplicates. 
The equilibrium adsorption capacity eQ of EIHFM was calculated as follows: 
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where 
fV (l), 0fC (mg/l) and eC (mg/l) are the volume of phenol solution, initial 
concentration and equilibrium concentration of phenol respectively. The equilibrium 
adsorption capacities were plotted against aqueous equilibrium concentrations to 
determine the partitioning behavior. 
After each adsorption run, phenol was desorbed from the EIHFM using Sodium 
Hydroxide solution as the stripping agent. Three different concentrations of Sodium 
Hydroxide solution, 0.2 M, 0.5 M and 1 M, were used to study its effect on desorption. 
50 ml of stripping solution was circulated through the shell side of the EIHFM module at 
14 ml/min until concentration of sodium phenolate in stripping solution becomes almost 
constant. A plot between the amount of phenol remaining in EIHFM and amount of 
phenol stripped shows the distribution pattern between these two phases. 
4.4 Simultaneous Extraction-Stripping of Phenol 
Figure 4.2 shows a schematic diagram of the experimental setup. 100 ml of phenol feed 
and 50 ml of stripping solution were put in 250 ml and 100 ml conical flasks respectively. 
The pH of phenol feed was brought down to the range of 4-6 by adding 37% 
Hydrochloric Acid. Solutions in both flasks were stirred using magnetic stirrers. Phenol 
feed was pumped through the lumen side of EIHFM whereas stripping solution was 
pumped through the shell side, cocurrently. Samples were periodically withdrawn for 
analysis; phenol content in EIHFM was calculated by mass balance. Towards the end of 
the batch run, when concentrations in both aqueous phases had become almost constant 
with time, the solutions were pumped out of the EIHFM module. Both shell and tube 
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sides of EIHFM were then washed with fresh 0.2 M Sodium Hydroxide solution to 
remove remaining phenol in fibers. This was followed by washing with ultrapure water. 
All experiments were carried out in duplicates. 
4.4.1 Effect of Flow Rates 
While keeping all other conditions constant, the flow rate of phenol feed through lumen 
was varied in the range of 5<Re<20 to study the effect of tube side aqueous boundary 
layer resistance in simultaneous performance. Similarly, the flow of stripping solution in 
shell side was varied in the range of 5<Re<20 while keeping all other conditions 
constant, to study the effect of shell side aqueous boundary layer resistance. 
                        
Figure 4.2 Schematic diagram of setup for simultaneous extraction-stripping of 
phenol 
Magnetic Stirrer 
Phenol feed 
Pump 
Pump 
Stripping solution 
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4.4.2 Effect of Phenol Concentration 
Four different concentrations of phenol, 200, 400, 800, and 1000 mg/l, were used in 
simultaneous extraction-stripping operation to study the effect of initial concentration. 
Flow rates of both feed and stripping solutions, and concentration of sodium hydroxide 
were maintained constant at 7.5 ml/min, 14 ml/min and 0.2 M respectively. 
4.4.3 Effect of Sodium Hydroxide Concentration 
Three different concentrations of Sodium Hydroxide, 0.2 M, 0.5 M and 1 M, were used 
for stripping during the simultaneous operation carried out with phenol concentrations of 
800, and 1000 mg/l. Lumen and shell side flow rates were maintained constant at 7.5 and 
14 ml/min respectively. The efficiency of stripping was measured in terms of 
concentration factor (CF), which is the ratio of final phenolate concentration in stripping 
solution to the initial concentration of phenol in feed. 
4.5 Analytical Methods 
Periodically drawn samples from feed and stripping solutions were analyzed for phenol 
concentration at a wavelength of 270 nm using UV spectrophotometer (UV-1240, 
Shimadzu, Japan). Solution pH was measured using pH meter (Eutech Instruments, 
Cyberscan pH11) and brought down to required range by addition of 37% Hydrochloric 
Acid.  
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5. Results and Discussions 
5.1 Characterization of EIHFM 
TOPO impregnated in the membranes appeared as white crystalline deposits when 
observed under SEM, as shown in Fig. 5.1.  
Our objective was to observe the pattern of distribution of TOPO within the fiber 
thickness using images of cross-section. One module was packed with 50 fibers and the 
distribution of TOPO inside the thickness of membranes was seen to vary among these 50 
fibers. This trend was probably a result of the air drying process. When air was pumped 
in the lumen side and DCM evaporated, thin layers of TOPO were formed on the inner 
surfaces. The roughness of these layers could vary from fiber to fiber. Kandlikar and 
coworkers showed that in tubes having diameter less than 0.6 mm, pressure drop is 
affected significantly by the surface roughness (Kandlikar et al., 2001). Thus, the 
resistance to air flow varied among the fibers leading to a non-uniform distribution of air 
among them.  
Such variation in TOPO distribution among the fibers within the same module is not 
desirable and it should be minimized for reproducibility. This variation was quantified 
using an indicator called distribution consistency (DC), which was defined as the ratio of 
number of cross-sections (fibers) showing uniform distribution to the total number of 
cross-sections (fibers) observed under SEM. Fig. 5.2 shows a comparison of membrane 
cross-sections with uniform and non-uniform distribution of TOPO. Our goal was to 
immobilize large quantity of TOPO and achieve high values of DC. For this purpose, the 
drying conditions such as TOPO concentration in DCM, air flow rate and drying duration 
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were varied to determine the optimum set of conditions that gave maximum weight gain 
and uniform distribution of TOPO within the all the fibers. 
(a)                                                                       (b)           
          
 
 
(c)                                                                       (d) 
 
                        
 
 
(e)                                                                       (e) 
 
 
 
 
 
Figure 5.1 Outer surface, cross-section and inner surface of pristine polypropylene 
fibers (a, c and e); and EIHFM (b, d and f) 
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(a)                                                                         (b)  
         
 
 
 
Figure 5.2 EIHFM cross-sections with (a) uniform distribution; and (b) non-
uniform distribution 
5.1.1 Effect of TOPO concentration in DCM 
In order to investigate the effect of TOPO concentration, three different concentrations of 
TOPO in DCM were used which were 200 g/l, 400 g/l and 600 g/l. Air flow and drying 
duration for these experiments were randomly chosen and kept constant at 
81025.2Re air  and 30 minutes respectively. The weight of TOPO impregnated in 
the fibers and its DC with varying TOPO concentrations is shown in Fig. 5.3. As TOPO 
concentration in DCM was increased, the solution density and viscosity increased. This 
would slow down the flow of solution through the membrane pores towards the inner 
surface. Hence, a combined effect of higher TOPO content, density and viscosity may 
provide a greater probability of trapping TOPO inside the membrane pores. Accordingly, 
we observed an increase in the weight of TOPO impregnated and in the DC as well when 
DCM solution was more concentrated in TOPO.  
It was also observed that the increase in the weight of TOPO impregnated in the 
membranes was small when TOPO concentration was increased from 400 g/l to 600 g/l, 
whereas the increase in DC was almost double for this change. This might be due to the 
fact that TOPO is a low density solid and a small mass of TOPO can occupy 
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comparatively larger volume. Hence, a small increase in the weight of impregnated 
TOPO could result in a significant increase in DC. 
 
Figure 5.3 Variation in weight gain and distribution consistency of EIHFM with 
concentration of TOPO 
5.1.2 Effect of Air Flow Rate and Drying Time 
Fig. 5.4 and 5.5 show the weight gain and distribution consistency trends obtained when 
air flow rate and drying time were varied, keeping TOPO concentration constant at 600 
g/l. At a Reynolds’ Number of
81025.2  , TOPO impregnation improved with increase 
in drying duration from 30 to 60 minutes as TOPO with DCM was drawn towards the air 
stream, but 90 minutes proved to be too high as DCM and TOPO were dragged outside, 
resulting in loss of TOPO from lumen side. TOPO was seen to accumulate inside the 
tubing used to pass air and there was a drop in weight of TOPO impregnated inside the 
membranes. The DC improved when the contact time was increased from 30 to 60 
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minutes but a drastic drop in the DC was observed at 90 minutes of drying even though 
the drop in the weight of the EIHFM was small. This could be due to the low density of 
TOPO as observed earlier. As drying the membranes for 90 minutes at
81025.2Re air resulted in the loss of TOPO, drying durations of 15, 30 and 60 
minutes were used for subsequent higher air flow rates. 
 
Figure 5.4 Variation in weight gain of EIHFM with air flow and drying duration 
Compared to
81025.2Re air , air flow at 
8105.4Re air could draw larger 
volume of DCM solution, consequently weight gain was higher for the latter. This was 
accompanied by high DC values which were greater than 80% for drying durations of 15 
and 30 minutes. A 60 minutes drying period led to TOPO loss through the lumen side and 
a drastic drop in DC was observed.  
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Air flow at a higher 
8109Re air resulted in EIHFMs with poor DC as it dragged 
large quantities of TOPO and DCM out of the membrane pores giving poor weight gains. 
No change in weight gain and DC was observed on varying drying duration. This could 
have been due to complete evaporation of DCM within 15 minutes. 
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Figure 5.5 Variation in distribution consistency of EIHFM with drying duration at 
different air flow rates, (a) 2.25x10⁻⁸; (b) 4.5x10⁻⁸; and (c) 9x10⁻⁸ 
From these results, it can be concluded that the air flow at Reynolds number 
8105.4   
and a drying duration of 15-30 minutes were the most suitable drying conditions. EIHFM 
cross-sections along the length of fibers were also observed under SEM and it was 
observed that TOPO distribution was consistent along the length of the fibers. For all 
subsequent experiments, EIHFMs were prepared by drying at 
8105.4Re air  for 30 
minutes. 
Using SEM, the distribution of TOPO within fiber thickness could be visualized. It could 
also be deduced that there were significant changes in the membrane morphology after 
immobilization as TOPO occupied the pore spaces. Hence, further tests were needed to 
determine the EIHFM properties such as pore size, porosity and tortuosity. The following 
tests helped in comparing the properties of EIHFM with pristine fibers and provided data 
for mass transfer studies as well.  
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5.1.3 Permeation Tests 
The LEPw for pristine fibers was found to be 3.5 bar whereas that for modified fibers 
was 1.5 bar. Since TOPO is hydrophobic in nature, embedding the fibers with TOPO 
likely may not affect their hydrophobicity significantly. Hence, the decrease in LEPw 
may be a result of an increase in the pore size. Surface analysis of the EIHFMs at high 
magnification (x1400) under SEM confirmed an increase in their pore size. While the 
pore sizes of pristine fibers were in the range of 0.2-0.3 μm, the pore sizes of the EIHFMs 
were around 0.5 μm. The expansion of the pores must have taken place due to stretching 
during solidification of TOPO.  
The changes in pore size and other membrane properties were also investigated using gas 
permeability and mercury porosimetry tests. Table 5.1 lists the results of these 
experiments for both pristine fibers and EIHFMs. It can be observed that there were 
significant changes in the membrane morphology after TOPO impregnation. Both these 
tests confirmed an increase in pore size upon impregnation. Since, the values of pore size, 
porosity and tortuosity obtained by these tests for pristine fibers were comparable to 
those supplied by the manufacturer, it proved that the tests were valid. A drastic drop in 
the porosity of fibers upon impregnation was observed by mercury porosimetry test. This 
was due to the fact that the membrane pores were filled with TOPO crystals. The jagged 
nature of TOPO crystals are likely to increase the tortuousity of the pores, consequently 
the tortuosity value increased to ten times the tortuosity of pristine membranes. The 
reduction in porosity and the increase in tortuosity were also reflected in the effective 
porosity value obtained through gas permeability test. These characteristics have been 
used in section 5.4 to evaluate membrane resistance in diffusion of phenol from feed to 
stripping solution. 
53 
 
Table 5.1 Results of gas permeation and mercury porosimeter tests 
Membrane type Pristine membrane 
Modified 
membrane 
Supplied by manufacturer 
pr (μm) 0.2 NA 
  0.5 NA 
  3 NA 
Gas Permeation 
pr (μm) 0.27 0.49 
pL

(m⁻¹) 3333.33 52.2 
Mercury Porosimeter 
pr (μm) 0.21 0.51 
  0.42 0.09 
  3.54 33.12 
5.2 Adsorption and Desorption Equilibrium  
To model the kinetics of the simultaneous extraction-stripping of phenol, the equilibrium 
relationships between phenol concentration in aqueous phases and EIHFM are required. 
For this purpose individual extraction and stripping experiments were carried out using 
different concentrations of phenol and sodium hydroxide. 
Since the solid-liquid extraction using the EIHFMs resembled sorption, the equilibrium 
data was analyzed using Langmuir isotherm, as mentioned earlier in chapter 3. Fig. 5.6. 
shows the experimental and modeled results with a regression coefficient of 0.99. 
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Distribution coefficient of phenol was seen to decrease when its initial concentration was 
increased. This could have been due to the fact that the distribution coefficient of phenol 
in TOPO/water system is not constant (Cichy and Szymanowski 2002). Nevertheless, the 
adsorption capacity of TOPO for 1500 mg/l phenol was 142 mg-phenol/g TOPO which is 
higher than typical solid adsorbents reported in literature (Prpich and Daugulis 2005, 
Prpich and Daugulis 2006). The values of 
mQ and b were found to be 260.78 mg/g and 
0.0026 l/mg respectively. 
       
Figure 5.6 Extraction of phenol into EIHFM from aqueous solution at pH~4-6 and 
room temperature (all deviations are within ±10%)  
Figure 5.7 shows the effect of pH on the distribution of phenol between EIHFM and 
aqueous phase. The distribution coefficients were in the order of 10⁻². Distribution 
coefficient was seen to increase with increasing phenol loading in EIHFM, i.e., with 
increasing initial phenol concentration. The conclusions that could be derived from this 
trend was that, contrary to the hypothesis made by several authors regarding the 
irreversible and instantaneous reaction between phenol and sodium hydroxide during 
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stripping (Zha et al., 1994, Schlosser and Sabolová 2002), a negligibly small amount of 
phenol is always left in the membranes that is in equilibrium with the undissociated 
phenol in stripping solution. This observation is in accordance with those of (Bízek et al., 
1992, Palma et al., 2007). 
 
Figure 5.7 Desorption of phenol from EIHFM using sodium hydroxide solutions of 
varying concentration, dashed lines represent the isotherm (all deviations are within 
±10%) 
A chemical reaction is influenced by the concentration of reactants, thus the effect of 
increase in sodium hydroxide concentration on stripping was studied. For initial 
concentrations of phenol less than 800 mg/l, stripping behaviors were similar for 0.2, 0.5 
and 1M sodium hydroxide. For 800 mg/l, desorption improved slightly using higher 
concentrations of sodium hydroxide, with an improvement of 12% in strip phase phenol 
concentration from 0.2 M to 1M. Improvements of 10% and 16% were observed from 0.2 
M to 0.5 M and from 0.2 M to 1 M sodium hydroxide respectively for 1000 mg/l phenol. 
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These improvements can be treated as marginal as the data deviations were within ±10%, 
but the effects of higher concentrations of sodium hydroxide in the case of 1500 mg/l 
phenol were significant. Improvements of 38% and 54% were observed for desorption 
using 0.5 M and 1M sodium hydroxide respectively compared to 0.2 M. Based on the 
above results, it could be concluded that a sodium hydroxide to phenol molar ratio of 10 
and above is optimum for desorption. Reis and coworkers also predicted the optimum 
sodium hydroxide to phenol molar ratio of 10 for stripping of phenol from TOPO (Reis et 
al., 2007).  
The parameters of Langmuir isotherm changed when concentration of sodium hydroxide 
was changed. Considering  and  represent the parameters 
eQ and b respectively, 
table 5.2 lists their values for the three different concentrations of sodium hydroxide. 
Table 5.2 Values of constants of stripping equilibrium model for different 
concentrations of sodium hydroxide 
Concentration of sodium 
hydroxide (M) 
 (mg/g)  (l/mg) 
0.2 -5 -7.7x10⁻⁴ 
0.5 -10.6 -5.3x10⁻⁴ 
1 -11.4 -4.6x10⁻⁴ 
5.3 Simultaneous Extraction and Stripping 
Simultaneous extraction and stripping in EIFHM module was carried out with feed in 
lumen side and stripping solution in shell side. The reason behind this particular 
arrangement was the probability of channeling in the shell side. Channeling in shell side 
due to random arrangement of fibers is a very common problem reported by several 
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authors (Dahuron and Cussler 1988, Gabelman and Hwang 1999, Hasanoglu 2013). In 
the case of EIHFMs, the membranes are hydrophobic with aqueous phases circulating on 
both sides. Since, faster stripping would be facilitated by a high concentration gradient of 
phenol inside the fibers, the feed was circulated through lumen so that extraction of 
phenol into EIHFM is not hindered by poor contact between the fiber and feed. 
The temporal phenol profiles in feed, membrane and stripping solution during 
simultaneous extraction-stripping of 200 mg/l phenol are shown in figure 5.8. The lumen 
flow rate was 7.5 ml/min and shell side flow rate was 14 ml/min. Concentration of 
sodium hydroxide used was 0.2 M. It can be seen that phenol from feed wastewater was 
rapidly extracted into the EIHFM within first 2 hours after which the rate slowed due to 
lower concentration of phenol left in the feed. During the same 2 hours, 50% of the initial 
amount of phenol in wastewater was recovered on the stripping side. During individual 
adsorption experiments, the equilibrium concentration of phenol in feed for 200 mg/l 
initial concentration was 53 mg/l (after 4 hours); whereas for simultaneous operation the 
concentration in feed dropped to 27 mg/l in 2 hours. This increase in removal was due to 
the regeneration of EIHFM through stripping. In 7 hours, 99% phenol was removed from 
the wastewater, while 90% was recovered in the stripping solution. Thus, it can be 
concluded that EIHFMs with uniform distribution of TOPO within fiber thickness are 
effective for simultaneous removal and recovery of phenol from wastewater. 
To improve the performance of EIHFMs, it was important to determine the rate-limiting 
step and the effect of individual operating conditions. Hence, kinetic studies were 
performed by varying a single operating condition at a time while keeping the other 
conditions unchanged. 
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Figure 5.8 Phenol concentration profiles in feed (Cf), membrane (Cm) and stripping 
(Cs) during simultaneous extraction-stripping of 200 mg/l phenol using 0.2 M 
NaOH, pH~4-6, room temperature 
5.3.1 Effect of Hydrodynamics 
In order to investigate the effects of flow rate, experiments were carried out with 200 
mg/l phenol and 0.2 M sodium hydroxide as stripping solution with their respective 
volumes of 100 ml and 50 ml. The shell side flow rate was fixed at 14 ml/min while the 
lumen flow rate was varied from 3.5-12.5 ml/min (Re= 5-19). The feed phenol 
concentrations for different lumen flow rates have been shown in figure 5.9. It was 
observed that the change in the tube side Reynolds number had no effect on the 
extraction performance. This indicates that boundary layer diffusion in tube side did not 
have any significant effect on mass transfer and thus was not rate controlling. Similar 
results were observed on varying shell side flow rate from 5-14 ml/min (Re= 5-19), as 
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shown in figure 5.10, demonstrating that mass transfer was independent of shell side 
boundary layer as well.  
 
Figure 5.9 Phenol feed concentration (Cf) profiles at different lumen flow rates 
(5<Re<19)
 
Figure 5.10 Phenol feed concentration (Cf) profiles at different shell flow rates 
(5<Re<19) 
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Based on the above results, it could be inferred that the process of adsorption and 
diffusion taking place within the membrane pores was the rate controlling step in the 
simultaneous process. In order to get insight into the mass transfer of phenol within 
EIHFMs, it was important to determine the effective diffusivity of phenol through the 
EIHFM and the membrane mass transfer coefficient. These values have been estimated 
using mathematical model in section 5.4. 
5.3.2 Effect of Phenol Concentration 
In section 5.2, it was seen that the partition coefficient of phenol into EIHFM was not 
constant over the range of concentrations studied. Since, the driving force for extraction 
depends on the degree of partitioning into EIHFM, the decreasing partition coefficient 
values might affect the rate of mass transfer. To study this effect, simultaneous 
extraction-stripping was carried out at phenol concentrations of 200, 400, 800 and 1000 
mg/l. Stripping solution was 0.2 M NaOH and lumen and shell flow rates were 7.5 
ml/min and 14 ml/min respectively. Figure 5.11 shows the extraction performance at 
varying concentrations of phenol. The normalized phenol concentration in feed has been 
plotted on the vertical axis with time on horizontal axis. Indeed, the rates of phenol 
removal from the feed were seen to decrease when initial concentration of phenol was 
increased.  
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Figure 5.11 Normalized rate of phenol extraction for varying initial feed 
concentrations 
5.3.3 Effect of Sodium Hydroxide Concentration 
Sodium hydroxide concentration in stripping phase was seen to affect the stripping 
performance for phenol concentrations above 800 mg/l during individual stripping 
experiments. The effect is expected to be more pronounced during simultaneous 
operation due to the continued supply of phenol from the feed. For 800 mg/l phenol, 
simultaneous extraction-stripping was carried out using 0.2, 0.5 and 1 M NaOH and the 
results have been shown in figure 5.12. There was no change in membrane loading and 
stripping profiles during the first 2 hours during which rapid extraction takes place driven 
by equilibrium. Thereafter, an increase in phenol in stripping solution was observed at 
greater concentrations of NaOH. The final content of phenol in stripping solution was 
higher and concomitantly the phenol residue in EIHFM was lower for higher 
concentration of NaOH. The concentration factor (CF) obtained using 1 M NaOH was 
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1.7 as compared to 1.45 using 0.2 M NaOH, which was an increase of 18%. There was a 
drop of 28% in membrane phenol loading with 0.5 M NaOH and a further drop of 18% 
from 0.5 to 1 M NaOH, resulting in a total drop of 42% from 0.2 to 1 M NaOH. As 
mentioned above, the effect of NaOH concentration was indeed more pronounced during 
simultaneous operation and a significant increase in performance was observed at higher 
concentrations of NaOH.  
The stripping behaviors at different NaOH concentrations were also studied for 1000 
mg/l phenol feed and the results have been shown in figure 5.13. The results were similar 
to those of 800 mg/l. The CF increased by 22% from 1.4 for 0.2 M NaOH to 1.69 for 1 M 
NaOH. Phenol loading dropped by 46% from 0.2 M to 1 M, with a drop of 33% from 0.2 
M to 1 M and 18% from 0.5 M to 1 M NaOH. These data corroborated the findings 
discussed earlier in the study of desorption equilibrium in section 5.2, i.e., the optimum 
molar ratio of NaOH to phenol should be 10 and above for efficient stripping.
 
Figure 5.12 Phenol concentration profiles in membrane (Cm) and stripping (Cs) for 
800 mg/l phenol and varying NaOH concentrations, pH~4-6 and room temperature 
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Figure 5.13 Phenol concentration profiles in membrane (Cm) and stripping (Cs) for 
1000 mg/l phenol and varying NaOH concentrations, pH~4-6 and room temperature 
5.4 Kinetic Modeling of Simultaneous Extraction-Stripping in EIHFM 
5.4.1 Parameter Estimation 
In chapter 3, a kinetic model for the simultaneous extraction and stripping of phenol in 
EIHFM was developed. The kinetic model had two parameters, namely H and 
mk which 
are the proportionality constant relating slope (s) and mfC , and the membrane mass 
transfer coefficient respectively. The values of H and 
mk were determined through a 
mathematical fit of equations (3)-(6) to the experimental data obtained for simultaneous 
operation at 200 mg/l feed phenol and 0.2 M NaOH. The values of H and mk were found 
to be 1.93x10⁴ m⁻¹ and 5.9x10⁻⁸ m/s respectively. The large value of H confirmed the 
presence of a steep slope due to a rapid uptake of phenol at membrane-stripping interface. 
The value of effective diffusivity of phenol through the EIHFM ( mD ) calculated using 
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eqn. (10) was 1.13x10⁻⁹ m²/s. The theoretical value of diffusivity of phenol through a gas 
filled membrane (
thD ) (m
2/s) can be calculated using the following equation: 
kth DDD
111
                                                                                                         (21) 
where D (m2/s) is the phenol diffusivity in air at 20⁰C and 
kD (m
2/s) is the Knudsen 
diffusivity. The value of 
thD  was calculated to be 1.2x10⁻⁶ m²/s. The difference of 3 
orders of magnitude between theoretical diffusivity and effective diffusivity obtained by 
model fit to experimental data can be explained based on two points. Firstly, equation 
(21) calculates diffusivity based on the ideal assumption that membrane pores are 
cylindrical in nature. On the contrary, in EIHFM, the pores are highly tortuous and 
expected to provide greater resistance than purely cylindrical pores. Secondly, the 
passage of phenol through EIHFM is not through pure diffusion. The transport 
mechanism inside the membrane pores is a complex combination of adsorption, diffusion 
and dissociation. It is difficult to accurately determine their respective contributions to 
resistances, but it can be assumed that diffusion is the major rate-limiting process due to 
the low porosity and high tortuosity of fibers. Thus, the diffusivity value obtained from 
mathematical fit of model to experimental data is actually a lumped parameter known as 
effective diffusivity whose value is expected to vary from the theoretical diffusivity of 
phenol through gas membranes. 
5.4.2 Model Validation and Analysis 
Figure 5.14 shows the experimental and modeled phenol concentrations in all three 
phases during simultaneous extraction-stripping using 200 mg/l phenol and 0.2 M NaOH. 
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It was seen that the model corroborated the experimental data well and the regression 
coefficients for fC , mC and sC were 0.98, 0.96 and 0.99 respectively. 
The individual mass transfer coefficients 
tk , sk and mk were computed as 1.5x10⁻⁵ m/s, 
1.26x10⁻⁶ m/s and 5.9x10⁻⁸ m/s respectively, at lumen flow rate of 7.5 ml/min and shell 
flow rate of 14 ml/min. During the experiments with different flow rates, it was observed 
that the aqueous boundary layer diffusions did not affect the mass transfer significantly. 
Since, transport of phenol through the EIHFM pores is the rate limiting step, it can be 
inferred that the overall mass transfer coefficient would be of the same order as
mk . 
However, the values of overall mass transfer coefficient reported in literature for 
simultaneous extraction-stripping using SLM are in the range of 10⁻⁶-10⁻⁷ m/s. In 
conventional supported liquid membranes, phenol molecules form complexes with the 
extractant molecules which diffuse together through the solvent wetting the pores. On 
reaching the stripping end, phenol dissociates from the complex and the free extractant 
diffuses back to the feed end. However, in EIHFM, phenol is seen to accumulate inside 
the membranes by binding to the TOPO on the pore surfaces. Due to the highly stable 
nature of phenol-TOPO binding, dissociation and diffusion towards stripping solution is 
slowed. The reduced porosity and increased tortuosity of the fibers provide further 
hindrance to the diffusion, resulting in lower overall rate. 
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Figure 5.14 Experimental and modeled (solid lines) phenol concentration profiles 
during simultaneous extraction and stripping at initial concentration of 200 mg/l 
5.4.3 Model Simulations 
Having validated the kinetic model against experimental data at 200 mg/l phenol and the 
values of parameters determined, the model was used to simulate simultaneous operation 
at 800 and 1000 mg/l phenol. Figure 5.15 shows a comparison of the experimental and 
modeled data at the phenol concentrations. Unexpectedly, it was observed that the model 
simulations and experimental data did not fit well. Similar results were also observed on 
comparing experimental data and model simulations at 400 mg/l (graph not shown). The 
model overpredicted the rates of phenol removal and stripping. This indicated a 
difference between the rate of mass transfer assumed by the model and that actually 
applicable to the experiment. 
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Figure 5.15 Comparison of experimental data and model simulations (solid lines) of 
phenol concentration profiles during simultaneous extraction-stripping using (a) 
800 mg/l; and, (b) 1000 mg/l  
(a) 
(b) 
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To understand the deviation between the modeled and the experimental behavior, 
equations (3)-(6) were mathematically fitted to the experimental data from simultaneous 
extraction-stripping of 400, 800 and 1200 mg/l.  Indeed, the parameter 
mk  was seen to 
vary with initial phenol concentration proving that 
mk cannot be assumed constant for 
different concentrations of phenol. On the other hand, the parameter H varied only by 
±4% on changing initial concentration and hence was independent of feed concentration. 
In order to examine the variation of 
mk with initial concentration of phenol, the mk values 
were plotted against the phenol concentration values, as shown in figure 5.16. Since, 
mk  
is a function of the membrane properties and the effective diffusivity, a change in 
mk  
implied a change in the effective diffusivity of phenol (
mD ) through the EIHFM when 
concentration of phenol was changed. This is contrary to Fick’s law of diffusion which 
predicts that diffusivity is independent of the concentration of the diffusing species. 
Hence, this behavior corroborated the fact that diffusion is not the only process 
influencing the passage of phenol through EIHFM, as discussed earlier. Similar 
observation has also been reported for the diffusion of metal ions through a porous gel 
layer capable of binding the ions (Sangi et al., 2002).  
The experimental values of 
mk obtained at different phenol concentrations could be 
defined by an algebraic equation, which has been shown in figure 5.16. According to the 
equation, the mk value for 600 mg/l phenol concentration was 3.1x10⁻⁸ m/s. Considering 
this value for 
mk and H = 1.93x10⁴ m⁻¹, the mathematical model was used to simulate 
simultaneous behavior at 600 mg/l phenol. A comparison between experimental data and 
model simulation has been shown in figure 5.17. 
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Figure 5.16 Variation of membrane mass transfer coefficient with initial feed phenol 
concentration 
 
Figure 5.17. Comparison of experimental data and model simulations (solid lines) of 
phenol concentration profiles using an initial feed concentration of 600 mg/l. 
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It was seen that after accounting for the change in 
mk the mathematical model was able to 
predict the system behavior at a given concentration of phenol. The regression 
coefficients for fC , mC and sC were 0.98, 0.97 and 0.99 respectively.  
Next, simulations were carried out to determine whether the model was able to predict 
the system behavior at different concentrations of sodium hydroxide. Figure 5.18 shows 
the plots of experimental data and model simulations for 1000 mg/l phenol and 0.2, 0.5 
and 1 M NaOH. The figure suggests a good corroboration between the mathematical 
model and the experimental data. The slight deviations observed could be a result of 
general assumptions such as neglecting phenol in aqueous boundary layer during mass 
balance (eq. (3)-(5)). 
 
 
Figure 5.18 Comparison of experimental data and model simulations (solid lines) for 
simultaneous operation at 1000 mg/l phenol and varying concentrations of NaOH 
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Thus, to summarize, a kinetic model based on unsteady state mass transfer equations was 
developed for simultaneous extraction-stripping of phenol in EIHFMs. The membrane 
mass transfer coefficient was determined through mathematical fit of model to 
experimental data and was seen to vary with initial concentration of phenol. An equation 
capturing the variation could be obtained for the range of concentrations studied. The 
variation of membrane mass transfer coefficient indicated a variation in the effective 
diffusivity of phenol through EIHFM. Based on this result, it could be inferred that the 
mass transfer of phenol through EIHFM is not solely due to diffusion. After considering 
the variation in mk value, the model was able to predict the system behavior at different 
concentration of phenol and sodium hydroxide. 
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6. Conclusions and Recommendations 
6.1 Conclusions 
This thesis focused on the successful fabrication of Extractant Impregnated Hollow Fiber 
Membranes with uniform distribution of TOPO within the fiber thickness, for 
simultaneous removal and recovery of phenol from wastewater. A modified drying 
technique was used to achieve the uniform distribution. The operational parameters of the 
drying method were varied to observe their effect on distribution and to decide the best 
set of parameters for drying. Decision on optimum parameters was based on weight of 
extractant impregnated inside the membranes and distribution images captured using 
Scanning Electron Microscopy (SEM). 
The impregnation of TOPO within the fibers resulted in significant changes in the 
membrane morphology. These changes were studied using membrane characterization 
tests including SEM, Liquid Entry Pressure of Water (LEPw), Gas Permeability and 
Mercury Porosimetry. These tests showed similar results indicating an increase in pore 
size, decrease in porosity and increase in tortuosity of the fibers after impregnation with 
TOPO. Data obtained from these tests were used to determine the mass transfer 
coefficient of the membrane during simultaneous extraction-stripping experiments. 
Equlibrium adsorption and desorption experiments were carried out to observe the 
partitioning behavior at different concentrations of feed phenol and sodium hydroxide. 
Equilibrium adsorption tests showed a decrease in adsorption capacity with increasing 
phenol concentration. The trend was captured by a Langmuir isotherm indicating the 
theoretical saturation adsorption capacity to be 260.78 mg/g. Since, stripping was driven 
by the reaction between phenol and sodium hydroxide, it was affected by the 
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concentrations of both the reactants. For a particular concentration of sodium hydroxide, 
stripping efficiency decreased with increasing concentration of phenol. 0.2 M sodium 
hydroxide was suitable for stripping of phenol concentrations lower than 800 mg/l, 
whereas 0.5 M and 1 M sodium hydroxide were needed for higher concentrations of 
phenol. Based on these experiments, 10 was determined to be the ideal sodium hydroxide 
to phenol molar ratio for stripping. 
Simultaneous extracttion-stripping is more practical compared to two-step sequential 
adsorption and desorption because the adsorbent phase is continuously regenerated 
facilitating constant removal of substrate from feed. The removal of phenol during 
individual extraction and simultaneous extraction-stripping were compared in this study. 
The removal of phenol in simultaneous extraction-stripping configuration was 50% 
higher than that in sequential configuration. 200, 400, 600, 800 and 1000 mg/l phenol 
feed were treated using simultaneous operation and in all cases more than 90% phenol 
was removed from feed and more than 80% was recovered in stripping solution within 10 
hours. These experiments proved that EIHFM with uniform distribution of TOPO is a 
promising technology for the simultaneous removal and recovery of phenol. 
To improve the performance of simultaneous operation, effect of individual operating 
conditions was studied. Phenol was assumed to encounter three major resistances: feed 
aqueous boundary layer, adsorption-cum-diffusion within membrane pores and stripping 
aqueous boundary layer. On varying the Reynolds number in lumen side (feed flow rate) 
and shell side (stripping flow rate), there was no change in simultaneous performance of 
EIHFM. Hence, it was concluded that boundary layer diffusion is not the rate-controlling 
step. The combined process of adsorption and diffusion of phenol through the tortuous 
pores of EIHFM provide the highest resistance.  
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The aqueous boundary layer mass transfer coefficients were determined using 
correlations available in literature. The tube side mass transfer coefficient was evaluated 
by Leveque correlation and Prasad and Sirkar correlation was used for shell side mass 
transfer coefficient. The membrane mass transfer coefficient is a function of membrane 
properties such as porosity, tortuosity and thickness, and the effective diffusivity of 
phenol through the EIHFM. Since, the transfer of phenol molecules was not through pure 
diffusion, the diffusivity is actually a lumped parameter relating to both adsorption and 
diffusion. It is called the effective diffusivity of phenol through EIHFM and was 
determined with the help of mathematical modeling. 
A kinetic model was proposed for the simultaneous extraction-stripping in EIHFM based 
on unsteady state flux equations. The slope of diffusive gradient of phenol within the 
EIHFM, and the effective diffusivity of phenol were the two parameters that were 
determined through mathematical fit of the model to experimental data. The slope of 
phenol concentration gradient was found to be directly proportional to the loading of 
phenol at the membrane-feed phase interface. The effective diffusivity was seen to vary 
with initial concentration of phenol and an algebraic equation was obtained to captures 
the trend. Using this equation, effective diffusivities for the range of phenol 
concentrations studied could be calculated. The model was able to successfully predict 
the system behavior at different operating conditions such as varying concentrations of 
phenol and sodium hydroxide. 
It can be concluded that EIHFM was efficient in simultaneously removing phenol from 
feed and recovering it. This configuration minimized the use of organic solvent ensuring 
a safe and eco-friendly operation. Characterization tests and experiments done during this 
research helped to understand the membrane properties and transport mechanisms. The 
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mathematical model is useful for estimating the membrane mass transfer coefficient for 
the simultaneous operation and most importantly, it can predict the system behavior 
under varying operating conditions. 
6.2 Recommendations 
Use of EIHFM for simultaneous extraction-desorption is a novel area which offers 
several ideas for improvement. Few have been suggested below: 
i) The drying technique used in this research was capable of obtaining uniform 
distribution of TOPO within the fiber thickness. However, the membrane module 
used throughout this research had a definite number of fibers of particular length 
and thickness. Hence, to make the system more flexible, further research is needed 
to establish the scale up parameters for this technique. 
ii) This research specifically focused on the removal of phenol. Whereas industrial 
wastewaters actually consist of mixture of phenol, its derivatives and other salts. 
Moreover, it would be practical to extend the area of application to other pollutants 
like metals and polyaromatic hydrocarbons. Hence, it is important to study the 
performance of TOPO impregnated EIHFM when exposed to real industrial 
wastewater. For this purpose, the reaction mechanisms between TOPO and the 
pollutants can be studied in details to determine the possibility of selective removal 
and recovery. Additionally, a search for better extractants is also possible. 
iii) It was seen during EIHFM characterization that there was drastic reduction in 
porosity and increase in tortuosity due to the immobilization of TOPO which 
reduced the rate of diffusion of phenol. Instead of immobilizing the extractant 
through solvent drying process, if it can be mixed in polymer solution and 
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immobilized during the membrane preparation process, the desired values of 
membrane porosity and tortuosity can be retained. This would serve the purpose of 
fast removal of pollutant without slowing the diffusion. For this technique, solid 
extractants that can exist in fine powdery form are suitable as they can be uniformly 
dispersed in the solution. 
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